Diffusion tensor imaging (DTI) is increasingly used in the resection of both high-and low-grade gliomas. Whereas conventional MRI techniques provide only anatomical information, DTI offers data on CNS connectivity by enabling visualization of important white matter tracts in the brain. Importantly, DTI allows neurosurgeons to better guide their surgical approach and resection. Here, the authors review basic scientific principles of DTI, include a primer on the technology and image acquisition, and outline the modality's evolution as a frequently used tool for glioma resection. Current literature supporting its use is summarized, highlighting important clinical studies on the application of DTI in preoperative planning for glioma resection, preoperative diagnosis, and postoperative outcomes. The authors conclude with a review of future directions for this technology. 
D
iffusion tensor imaging is a form of diffusionweighted MRI that assesses physiological water directionality and motion, providing images of important white matter tracts within the CNS. 25 Conventional MRI techniques provide purely anatomical information without data regarding CNS connectivity. The ability to visualize important white matter tracts in the brain enables neurosurgeons to better guide their surgical approach and resection. Below, we provide a primer on the biophysical basis of DTI, review the current state of the literature on the use of DTI for glioma resection, and discuss future advances in the field.
Technical and Biophysical Considerations of DTI
Various cellular structures-for example, cell membranes and intracellular organelles-impede the random motion of water molecules in the brain and instead cause them to move with some form of directionality called "anisotropy" (Table 1) . 41, 42 This biological property is essential to understanding DTI, because the directionality of water molecules as they move within white matter tracts is a key component of fiber tracking. The orientation of white matter tracts causes anisotropy, because water diffuses in a direction parallel to the axonal fibers as a result of the myelin sheaths, which create a barrier to the diffusion of water perpendicular to the axonal membranes. 1, 9, 30, 31 Collectively, this information is known as the "diffusion tensor," a 3D ellipsoid model of water diffusion. The diffusion tensor directly represents the direction (anisotropy) of water and indirectly represents the orientation of white matter fibers. 25 It is described as a 3D ellipsoid and is subjected to a linear algebraic procedure known as "diagonalization." The diffusion tensor can then be represented by 3 eigenvalues (l 1 ≥ l 2 ≥ l 3 ), which are measures of the magnitude of diffusion, and subsequently by 3 eigenvectors (v 1 , v 2 , v 3 ), which are orthogonal to each other and represent the direction of diffusion. 9, 25 The metrics for DTI are FA and MD. Fractional anisotropy is the measurement of the tendency of water to diffuse in one direction (anisotropy), whereas MD measures the magnitude of diffusion. Mean diffusivity is comparable and mathematically equivalent to the ADC in standard diffusion-weighted imaging. It is calculated as the mean of the 3 eigenvalues, representing the directionally averaged diffusivity of water, which is affected by changes in the structure of brain tissue. 21 Fractional anisotropy is calculated from the standard deviation of the 3 eigenvalues, ranging from 0 (isotropy with 0 net direction) to 1 (maximum anisotropy along 1 eigenvector).
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This directionality is typically presented in a color-coded map or via fiber tractography whereby the color hue indicates directionality and brightness is proportional to the FA. 35 A general convention is to color code the projection fibers (blue) coursing from superior to inferior (for example, the corticospinal tract), the association fibers (green) coursing anterior to posterior (for example, the arcuate fasciculus), and the commissural fibers (red) coursing laterally (for example, the corpus callosum).
Images are acquired using a clinical MRI unit (1.5-or 3-T systems) with a standard head coil. Diffusion tensor imaging is performed using a single-shot EPI sequence. Echo planar imaging is a fast acquisition technique that reduces motion-related artifacts. Single-shot EPI is commonly used instead of multishot EPI despite its poorer spatial resolution, because it has a shorter acquisition time, a superior signal-to-noise ratio, and less motionrelated distortion. 1 These techniques have enabled a fast acquisition time of less than 5 minutes. 52 The degree of diffusion weighting, represented as the b-value, is determined by a sensitizing gradient scheme composed of strength, duration, and temporal spacing. 38 Diffusion gradient weighting can be done in as few as 6 orientations/ directions and in as many as 512, which is the capacity of many imaging systems. Most groups acquire between 6 and 55 directions, 21 with more encoding directions increasing the required scan time but decreasing the variance in tensor model parameters 25 and the signal-to-noise ratio. 38 Diffusion tensor imaging measurements are obtained using either ROI analysis or tractography. Region of interest analysis is based on operator experience and is sometimes difficult to reproduce in areas with brain tumors or edema. 44 Frequently, DTI tractography can be performed first to localize the tracts, and then ROI analysis can be used based on the previously identified tracts, thereby reducing selection biases of the ROI. 35 Tractography can be performed via the deterministic or probabilistic method. The deterministic method initiates fiber trajectories using fiber assignment by continuous tracking (FACT) of userdefined voxels. 7, 31 Various factors, including noise, patient movement, and image artifact, can create uncertainty in DTI measurements; 31 these uncertainties can be adjusted for by using the probabilistic method, in which an additional quantification of the probability of connection between 2 points is performed, allowing the depiction of a greater portion of white matter tracts. The probabilistic method is advantageous in areas of lower anisotropy, such as small tracts and crossing fibers, as well as in gray matter.
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White matter fiber tracts are traditionally divided into association fibers that connect cortical areas within the hemisphere; projection fibers that connect cortical areas to the deep nuclei, brainstem, cerebellum, and spinal cord; and commissural fibers that interconnect similar cortical areas of opposite hemispheres. The association fibers commonly visualized on DTI are the cingulum, superior and inferior frontooccipital fasciculus, uncinate fasciculus, SLF, and inferior longitudinal (occipitotemporal) fasciculus. The projection fibers visualized on DTI include the corticospinal, corticobulbar, and corticopontine projection fibers; the commissural fibers seen on DTI include the corpus callosum and anterior commissure. In certain cases, other less commonly used tracts may be identified, such as the optic pathways or fiber tracts within the brainstem. 18, 23, 29, 45 
Evolution of DTI for Neurosurgical Use
The first authors to integrate the use of fiber tracking into intraoperative navigation were Coenen and colleagues in 2001 10 in 4 patients undergoing resection of both intra-and extraaxial tumors (2 glioblastomas and 2 Grade I meningiomas). Diffusion-weighted, not diffusion tensor, imaging was used to visualize the pyramidal tracts for intraoperative navigation. Several studies fol- 27 used DTI and direct fiber stimulation to confirm the accuracy of DTI in the intraoperative identification of the corticospinal tract in 6 patients with intraaxial lesions. In 2004, Berman et al. 4 combined DTI and direct cortical stimulation in 11 patients undergoing glioma resection. These investigators found that DTI fiber tracts maintained a high degree of correlation with the descent of motor tracts from the cortex to the cerebral peduncle. This same group also reported on in vivo detection of white matter tracts involved in speech and naming by using DTI derived from direct cortical stimulation during resection of a left frontotemporal glioma. 22 In 2005, Nimsky et al. 34 described 37 patients undergoing supratentorial glioma surgery in whom both preand intraoperative DTI was performed. These authors analyzed white matter tract shifting and bidirectional (outward and inward) shifting of tracts. They found that the amount of white matter tract shift corresponded well with brain shift of the "deep tumor margin," as previously described by Dorward et al. 12 At the time, the study by Nimsky et al. 34 represented one of the largest series of patients to undergo glioma resection aided by DTI and one of the first series to do so without the concurrent use of direct cortical stimulation. This same group of authors later performed additional studies that advanced the earlier techniques. They first described 19 more patients undergoing glioma resection with the integration of both fMRI and DTI 35 and then 16 patients to demonstrate fiber tracking in standard neuronavigational systems. 33 They also compared preoperative fiber tracts with intraoperative shifting of the fiber tracts.
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In 2007, Wu et al. 50 performed a rare prospective randomized controlled trial to evaluate the impact of DTI versus standard neuronavigation in patients with gliomas involving the pyramidal tracts. These authors reported on a consecutive series of 238 patients, with 118 of them randomized to a group undergoing DTI fiber tracking integrated into neuronavigation during resection and 120 randomized to a group undergoing standard MRI protocols and standard neuronavigation. Follow-ups lasted up to 50.5 months (median 21.3 months). The 6-month KPS scores were assessed in 96.34% of enrolled patients. The KPS scores among patients with either low-or high-grade gliomas were significantly higher in those who had undergone DTI than in those who had undergone standard neuronavigational resection: overall, for patients with gliomas, 86 vs 74, p < 0.001; for those with low-grade gliomas, 93 vs 86, p = 0.013; and for those with highgrade gliomas, 77 vs 53, p = 0.001. Survival analysis in the subset of 81 patients with high-grade gliomas (including GBM, anaplastic astrocytomas, anaplastic oligodendrogliomas, and anaplastic ependymomas) showed a significant survival benefit in those who had undergone DTIassisted tumor resection (median survival 21.2 months) as compared with the control group (median survival 14.0 months, p = 0.048). When analyzing survival curves in the study, the survival benefit was particularly pronounced in the early to mid-postoperative period (until 30 months), a time period when the surgical technique would be expected to have the greatest impact on survival outcome. In particular, for a subset of 50 patients with glioblastoma or gliosarcoma (WHO Grade IV), there was a significant difference in median survival of 19.3 months (DTI group) versus 11.2 months (control group, p = 0.02), representing a 53.6% reduction in the risk of death over the course of the study. 53 A separate analysis of only WHO Grade IV neoplasms showed a similarly statistically significant survival benefit among patients undergoing DTI-aided resection (19.3 vs 11.2 months) . Additionally, the overall rates of GTR in the DTI group (118 cases, 72% GTR) were significantly higher than in the control group that underwent standard neuronavigation (120 cases, 51.7% GTR, p = 0.002).
This study is a key component of the neurosurgical literature for several reasons. First, it is one of very few Class I (prospective randomized controlled) studies to link outcomes of glioma surgery with neurosurgical technique. Second, it shows clear benefits in increasing overall survival, extent of resection, and 6-month KPS score in the DTI-aided high-grade glioma group. However, the study does have a few limitations. 1) Progressionfree survival rates for patients undergoing resection of low-grade gliomas were not analyzed, and a neurological outcome benefit among patients with low-grade gliomas was not demonstrated.
2) The baseline KPS scores for patients undergoing high-grade glioma resection were not provided, and a high preoperative KPS score is known to be a strong prognostic factor for survival. Despite these drawbacks, the study remains a key piece of evidence supporting the use of DTI-aided resection of gliomas.
Combining DTI with subcortical mapping and direct subcortical stimulation has also been investigated. Bello et al. 3 reported the results for 230 patients with glioma who had undergone DTI and subcortical mapping of the corticospinal and language tracts (SLF, inferior frontooccipital fasciculus, uncinate fasciculus, and inferior longitudinal [occipitotemporal] fasciculus). Using a combination of direct stimulation and DTI, these authors found the preservation of language function in 96.8% of patients who had lesions in areas or pathways involved in speech function, as well as preserved motor function in 94% of patients. The authors emphasized the dual roles of DTI and cortical stimulation; the former offers information about anatomical relationships, whereas the latter provides information about functionality. This distinction between structure and function is particularly important in the resection of tumors in language areas, as anatomical tract distributions (for example, the SLF) can often be broader than their functionally relevant counterparts. 3 Integrating anatomical and functional information is particularly important. Multimodal navigation, as it refers to lesion localization and resection assistance, may include direct cortical and subcortical stimulation along with fMRI and DTI sequences. Often these imaging modalities can be used simultaneously and allow for intraoperative overlay of both functional and anatomical spatial relationships (Figs. 1 and 2 ). This combined approach was used by González-Darder and colleagues 19 in 17 patients who underwent resection of gliomas in motor areas with the aid of DTI, cortical and subcortical map-ping, and fMRI. As in other studies, a high degree of correlation existed between cortical points tested with direct stimulation and the density of motor fibers as evidenced by DTI. Using the multimodality approach, they noted that on routine anatomical (traditional intraoperative visual) inspection, the central sulcus and precentral gyrus were correctly identified in only 11 of 17 cases. Functional MRI without direct stimulation was not helpful in identifying these areas, because of the signal distortion of underlying tumor. With the addition of DTI, however, the central sulcus and precentral gyrus were easily apparent in all cases. While end points such as maximal resection and progression-free survival are important, the more basic task of identifying key anatomical landmarks has been shown to be aided greatly by tractography.
Recent studies have continued to validate concordance between DTI and subcortical mapping. 36, 37, 55 In 2012, Ohue et al. 37 examined the accuracy of DTI in 32 patients with gliomas near the pyramidal tract by using cortical and subcortical motor evoked potentials. Additionally, Zhu et al. 55 conducted a prospective study of 58 patients with gliomas in proximity to the pyramidal tract. These authors found high concordance between DTI representation of the pyramidal tracts and subcortical mapping, with sensitivity and specificity over 90% for DTI. The distance between preoperatively imaged diffusion tensor tracts and those found intraoperatively via direct stimulation averaged 5.2 mm, with a range from 2.0 to 14.7 mm. While still supporting the validity of DTI, this study as well as others reinforces the importance of accounting for brain shift when using DTI for navigation. Recently, Ius et al. 24 documented results in 190 patients who had undergone resection of lowgrade gliomas in eloquent areas. While all of the patients underwent direct subcortical stimulation, a subset of 117 more contemporary patients underwent resection along with DTI and fMRI. The extent of resection was significantly greater in patients who had undergone DTI-and fMRI-incorporated neuronavigation (90% vs 77%). Additionally, while subcortical stimulation assists in the avoidance of direct trauma to relevant fiber tracts, it does not provide visual warning of vascular damage that may occur to the periphery of those tracts, a clear benefit of DTI and, to some extent, fMRI.
Use of DTI in Uncommon Gliomas
Although cortical and subcortical gliomas have been the focus of most studies examining the use of DTI in tumor resection, several investigators have demonstrated the promise of DTI in resecting less frequently occurring gliomas. Recent reports have shown the value of DTI for resections near the optic pathway and radiations. 29, 32, 45 Lober et al. 29 described 10 patients with optic gliomas, in whom they were able to successfully visualize tractography and provide correlation with preoperative clinical symptoms, including an array of specific arrangements of visual fibers dependent on the prechiasmatic or chiasmatic location of the tumors. Sun et al. 45 used DTI for visualization of the optic radiations in 43 patients and found that the surgical approach should be modified in 6 patients.
Interestingly, Setzer et al. 43 examined the value of DTI in patients with intramedullary spinal cord tumors. They evaluated 14 patients and preoperatively classified their tumors as resectable or unresectable based on the fiber course in relation to the lesion. They classified lesions as Types I-III: Type I, fibers did not enter the lesion; Type II, some fibers entered the lesion; and Type III, most of the fibers entered the lesion or were destroyed by the lesion. These findings were then compared with the intraoperative plane of dissection-a reliable marker of the resectability of intramedullary spinal cord tumor. All Type I tumors were successfully resected. Among the 6 Type III tumors, 5 were considered unresectable and 1 with a clear resection plane intraoperatively was grosstotally resected. Unfortunately, the patient in this last case ultimately experienced a clinical deterioration postoperatively. While these results are certainly interesting, they are tempered by a small sample size, making it difficult to extrapolate from the results. Images were obtained in a 54-year-old right-handed man who presented with an episode of severe headache. The mass measured 3.7 × 2.6 cm and was centered in the right thalamus, causing a 6-mm midline shift. For mapping, the seed ROIs were placed at the cerebral peduncles. The patient was discharged on postoperative Day 3 without neurological deficit. 
From Topology to Hodotopy
There has been substantial interest in and advocacy for increased attention on the concept of brain "hodotopy," a term derived from the classic neuroscientific principal of hodology (from the Greek hodos, the study of pathways). 17 This concept, first brought to attention by Catani 6 and Duffau, 13,14 has been described as a "dynamic organization of the CNS constituted by parallel distributed networks." This novel paradigm implies that these networks have substantial subcortical connections that, when left preserved, allow reorganization over time. The practical aspect of this approach is that multistage resections in eloquent areas allow improved resection once functional remapping has occurred. 40 Neuroplasticity can be of particular importance in the resection of low-grade gliomas, in which tumor cells have been found far outside the boundaries of perceived maximal resection. When low-grade gliomas occur in eloquent areas, the ability to achieve a supramaximal resection (tumor + margin) to limit tumor recurrence from isolated, dispersed glioma cells is substantially limited.
"Supratotal" resection of WHO Grade II gliomas using intraoperative awake direct stimulation was shown to be effective, as compared with only complete resection in a control group. 54 Importantly, even though adjuvant treatment was given to 10 patients in the control group (vs only 1 in the supratotal resection group), anaplastic transformation occurred in 7 of them (vs none in the experimental group). While the findings were encouraging and statistically significant (p = 0.043), the study included relatively few (15) patients. Note that the goal of supracomplete resection is to delay anaplastic transformation of low-grade gliomas. A promising frontier in the neurosciences is that reorganization of the white matter pathways over time can be better understood after neurosurgical resections with tractography. 53 Additionally, these concerns are currently most cogently applied to the resection of low-grade gliomas (as opposed to high-grade gliomas), whose natural history allows for longitudinal studies of brain reorganization and plasticity. Regardless, the cited studies provide a strong basis for further investigation into the neurosurgical examination of long-term neural network connectivity.
Diffusion Tensor Imaging for Preoperative Diagnosis
Many authors have examined the use of DTI to distinguish gliomas from other pathologies, to predict the extent of resection, and to understand posttreatment changes to white matter. 5, 8, 18, 23, 26, 28, 39, 41, 44, 46, 48, 49, 51, 56 The ability to differentiate brain gliomas, metastases, and lymphomas has been a source of interest since the advent of advanced neuroimaging. For DTI, factors such as FA, linear anisotropy coefficients, cerebral blood volume, ADCs, and other diffusion tensor indices have all been implicated in differentiating high-grade gliomas and other lesions that have similar visual characteristics on standard MRI sequences. Diffusion tensor imaging in conjunction with MR spectroscopy, ADCs, and other MRI protocols provides highly specific and sensitive information for diagnosis. Many of the above-cited studies have extremely low Type I error rates, with sensitivities and specificities greater than 90%. Advanced neuroimaging may aid in the preoperative estimation of pathology, but the gold standard remains histological analysis.
Future Directions of DTI
The ability to visualize relevant white matter tracts during glioma resection represents an important advance in the treatment of brain tumors. While neuronavigation has substantially improved the ability of neurosurgeons to maneuver within eloquent areas of the brain, DTI has already proved a powerful tool in the neurosurgeon's armamentarium. This imaging modality's transition from the basic science laboratory to clinical use has followed an accelerated course. In 1999, Conturo et al. 11 presented the first known instance of tracking neuronal fiber pathways in a living human. Three years later, Gössl et al. 20 briefly discussed its possible neurosurgical use, and only 1 year later Duffau et al. 16 referenced DTI as a possible avenue of research in their analysis of 103 patients with gliomas treated with resection guided by direct stimulation. Within the next 2 years, several groups began investigating the integrity of DTI and subsequently its use in tumor resection. 22, 27, 29, 35 Diffusion tensor imaging has become a more widely used tool at many centers. At our center, DTI (often in conjunction with fMRI, subcortical stimulation, and cortical and awake mapping) is routinely performed for all tumors within or near the motor and language areas (Figs. 1 and 2 ).
Several components of DTI represent future challenges. The first and most obvious challenge is brain shift, which remains an issue under investigation. Preoperative DTI mapping has been shown to have relatively high fidelity, but inward and outward shift occurs after the dura mater is opened, and some centers still concurrently use direct stimulation, ultrasound, or intraoperative MRI to account for these changes. Additionally, tracts are often disrupted by the pathology of interest. Gliomas or other lesions can disrupt or distort fiber tracts by invasion or vasogenic edema, resulting in a lowering of the anisotropy (FA) value. The confounding effect of complex glioma biology is an intrinsic problem with DTI and supports the use of multimodal approaches for glioma resection.
Several technologies seem poised to integrate with DTI and advance the scope of neuronavigation. First, the resolution of imaging that is the basis of DTI has become increasingly robust. High angular resolution diffusion imaging (HARDI) represents one of these technologies. It allows the resolution of crossing fibers, providing a more precise and thorough visualization of fibers in any given region of interest. Another avenue of interest is the developing field of connectomics, which aims to provide a blueprint for the totality of neural networks by elucidating individual neuronal connections. The ramifications of a better understanding of neural networks is clear. Diffusion tensor imaging has provided excellent resolution of main fiber pathways involved in functional activities: speech, vision, and motor. Connectomics is an attempt to understand these and other processes at a more basic level. 47 The initiative known as the Human Connectome Project, supported by the National Institutes of Health, could transform neurosurgical oncology. This nascent field heavily utilizes advanced imaging, such as HARDI, and has already begun to reveal subtle features of brain connectivity not well visualized with DTI. The application of connectomics is even more topical when taking into account the recent enthusiasm for a hodotopic approach to the resection of brain lesions, particularly gliomas. [13] [14] [15] 40 The ability to better appreciate long-term connectivity of the CNS in the setting of resection will clearly provide more insight into the best management and practice.
Diffusion tensor imaging has become a cornerstone in the resection of gliomas in or near eloquent areas. With future research and development, this imaging modality may be further understood and optimized, and advanced imaging techniques and a better understanding of neural connections will continue to advance the neurosurgeon's ability to optimize patient outcomes.
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